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ABSTRACT
/0643

The statistical mechanical solid solution theory of
van der Waals and Platteeuw has been applied to study the
experimentally determined three-phase hydrate-water rich
liquid-gas locus of methane, argon, and nitrogen-water up
fo an upper pressure of 50,000 pisa. The results of calcu-
lations show that the solid solution theory can be applied
to the hydrates quite well when the caged gas is a spherical
molecule but can deviate for slightly non-spherical molecules
at high pressure. At higher pressures the hydrate numbers
calculated from this theory approached the number of 5 3/4

which is based on complete occupation of all the cavities.
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Theoretical Development

A. Hydrate Structure: The structure of gas hydrates
was determined by Von Stackelberg and MullerlS’ 16 through
the use of X-ray diffraction techniques. Structural arrays
capable of fitting these data were formulated by Claussen2
and Pauling and Marshl3 who state that all gas hydrates
crystalize in either of two cubic structures which have been
labelled Structure I and Structure II. The hydrated molecules
are situated in cavities formed by a framework of water mole-
cules 1linked together by hydrogen bonds. The host lattice by
itself is thermodynamically unstable, but is stabilized by the
inclusion of a second component within the lattice.

The unit cell of Structure I contains 46 water molecules
enclosing two types of cavities:

1. Six pentagonal dodecahedra cavities consisting
of twenty water molecules each located at the vertices and
center of the unit cell.

2. Two tetrakaidecahedra cavities having two
opposite hexagonal faces and twelve pentagonal faces serving
to connect the regular dodecahedra.

The pentagonal dodecahedra are smaller than the two tetra-
kaidecahedra, having an average radius of 3.95 E as compared
with 4.30 8 for the tetrakaidecahedra. Thus, if all cavities
were filled, the maximum hydrate number for Structure I would

be 46/8 or 5 3/4.



The unit cell of Structure II is composed of 136 water
molecules arranged to form sixteen smaller cavities and eight
larger cavities. The smaller cavifties are distorted dodeca-
hedra with an average radius of 3.91 R while the larger cavi-
ties are almost spherical with an average radius of 4.73 X.
Structure II is formed only by hydrated molecules which are
too large to fit within the cavities of Structure I. The
foregoing calculations are concerned with hydrates falling in
the Structure I category.

In the previous paperll, it was reported that the pressure-
ftemperature projections of methane, argon, and nitrogen hydrates
exhibited no detectable abnormality at high pressure. From
this, it was expected that the change of the crystal structure
of the same hydrates would not occur in the range of pressure
studied.

B. Outline of the solid solution theory: The derivation
of the solid solution theory of clathrate 1is given by
van der Waals and Platteeuwl8. The general theory 1is develop-
ed for a lattice former denoted by W which can exist in (1)

a metastable modification WP (empty clathrate lattice), (2)
a stable crystalline modification W% and (3) a liquid
modification Wb

The basic equations which describe the clathrate are:

A= e RT 2L (1-2 8 )
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Y = Cm‘,fn/( | + ;Cn)‘,) (2)

Cui = (/RT) Rt V) /(T (3)

In Equation (1) /Aw represents the chemical potential of water,
in the hydrate. The temn/‘ﬁrepresents the chemical potential

of water in the empty lattice structure modification. The term

<
o

denotes the number of cavities of the type [ per molecule
of water. For gas hydrates of Structure I Y, = 1/23 and

Vo = 3/23, for those of Structure II ), = 2/17 and Y, =
1/17. The term ny is the fraction of cavities of type (
occupied by a gas molecule K. Equation (1) is a generalized
form of Raoult's law for a solvent when the solvent-solute
interaction is negligible. Equation (2) is equivalent to a
Langmuir isotherm for localized adsorption without interaction
between the adsorbed molecules. fx is the fugacity of solute
K in the hydrate. The term CkLrepresents fhe Langmuir constant.
Equation (3) defines the Langmuir constant used in Equation (2).
The term h k¢ (T,V) represents the molecular partition function
of a solute molecule of type K enclosed in a cavity of type 1i.
The term ¢4Tﬁ is the molecular partition function of solute

molecule of type K with the volume factor removed. T and K

represent the temperature and Boltzmann constant, respectively.



For a clathrate to exist in equilibrium with the crystal-

line modification W% , or the 1liquid modification W&

M= P o P p )

Here }/‘S‘ and ,)v'; represent the chemical potentials of
crystalline and liquid modifications respectively. /U; and
/M: are functions of pressure and temperature alone. How-
ever, /uj is also dependent on composition.

Letting

A/M(T,P) = /ui-—/u"f, ov A/M(T,P) =/‘v€ ‘/kwb (5)
then

TV (1= EHhe) = —4MWRT (6)

T U (V=T Chif) = aM/BT | (7)

The present treatment deals primarily in detail with the fit
11

of the so0lid solution theory to the experimental data of

the three phase hydrate-water rich liquid-gas curves in the

region above the quadruple point.

Evaluation of the CelllPartition Function

The general equations for a clathrate contailn only the
cell partition function 4%7Las an unknown, the evaluation of
which allows the prediction of the thermodynamic behavior of

clathrates relative to the empty lattice.



The cell partition functions have been evaluated by
van der Walls and Platteeuw18 under the following assumptions.
1. The solute molecules can rotate freely in their
cavities.
2. The potential energy of a solute molecule at a
distance r from the center of its cége is given by the spheri-
cally symmetrical potential W(r) proposed by Lennard-Jones

and Devonshirelo

A= O(T)vxp[-wo)/AT)amaly (8)

where the potential energy of the solute molecule at the center

of the cage is given by
-, -4 _
W) = ZLE[di - 207 ) (9)
and g is a dimensionless integral given by:
9= P {2 BT [-LOO/0E + 2M0O/a2] x5 (10)
The functions [.(X) and M(X) are
4 3 2 10
LX) = (x*+12X° + 25.2x% 4+ (2X+1)/(1- %) (11)

M) = (I+2X)/(1-x) = | (12)

The constant oi is defined as:

de = (/T )3//'2 (13)

where @, is the cell radius. @ and € are the distance



and energy parameters for solute-water interaction. The
variable of integration is defined as
X = (Y/GL)z (14)

where r is the distance from the center of the cage. Since
the contribution to the partition function from portions of
the cell outside the sphere of a/E is negligible, the inte-
gration is carried out between the limits O and 1/4. The
value of Z, 1s a constant derived from structural consider-
ations.

On substituting Equation (8) into Equation (3), the

Langmuir constant Ck; becomes:

Cki = (RMAJ/RT) G, L2p (-W(O) /AT (15)

In order to evaluate Equation (15) for a chosen set of
molecular parameters and a temperature, a numerical integration
of g was required. The integration was carried out using
Simpson's One-Third Rule.

The constants used in the evaluation of (kg for hydrates
of Structure I are as follows
3.95 & K - 1.38X10—16erg/deg
4.30 R

Zl = 20 al

24 a,

25

1l
1]

Thus, if € and G are known, the Langmuir constant Cki

may be evaluated for a given system.



Determination of € and T for Methane

For the solid solution theory to be exact, a unique set
of molecular parameters should exist for all data on each gas
hydrate.

The set of molecular parameters used throughout the theo-
retical calculations for methane was derived in the following
manner:

Below the quadruple point the physical system is composed
of ice, hydrate, and gas in univariant equilibrium. This
system admits to a theoretical treatment more readily than
the system above the quadruple point which consists of hydrate,
gas and aqueous solution. Below the quadruple point, a
simplification results because the chemical potential differ-
ence between the stable and metastable forms of the lattice
former is a function of the system pressure and temperature
alone.

From these considerations, it was decided that the force
constants for methane should be fitted below the quadruple
point where the solid solution theory could be applied exactly.
Then these parameters were used To correlate the experimental
data above the quadruple point.

Experimental data of Deaton and Fr'ost5 on the three
phase locug, ice-water rich liquid-gas, were used to deter-
mine the best set of molecular parameters [or methane along

fhe hydrate locus. Using the various sets of the molecular



parameters, fugacities in equilibrium with the hydrate were
calculated from Equations (7) and (15) and then compared with
the experimental values. In order to solve Equation (7), a
numerical calculation was carried out using Newton's method.
Thus, the set of molecular parameters which exhibited the
least deviation from the data of Deaton and Frost5 was chosen
for use in all subsequent calculations for methane. As shown
in Figure 1 the values chosen were Z/% = 158.5 (°K) and F -
3.08 (B). Figure 1 shows that Equation (7) is so sensitive
to € and T that € , T from published data can not be substi-
tuted in Equation (7) directly.

The chemical potential difference between ice and hydrate
along the equilibrium curve was calculated from the following

equation:

d(/RT) = — (aH/RT2)dT + (aV/RT)AP (16)

This equation holds for any value of dP and dT. On the equili-

brium curve,

AP = AP/dT)dT (17)
Integration of Equation (16) between T and 2730 K along the

equilibrium curve gives:

oU/RT = - far/RTIT 4{(0V/RT)(@P/AT T (18)



e(o.o329‘7‘l‘ —5.780)

aP/dT = 0.03299 (19)

M (273 °K , Potm) = 167 + 0.073P (20)

where AV is the difference between molar volume of the ¢

and ﬁ modifications, ve - v¥, Stackelberg and Mu11?r16 have
determined a value of 3.0 for AV. Eguation (19) was obtained
from the data of Deaton and FrostS. Equation (20) has been
derived by van der Waals and Platteeuwl . AH is the difference
between molar heat functions of the o and'B modifications. This
value is not known but van der Waals and Platteeuw suggested

AH 220,

The Theoretical Fit to the Gas Hydrate Above the Quadruple Point

In order to fit the experimental data to the solid
solution theory for gas hydrates above the quadruple poilnt,
the following procedure was adopted.

Initially, a series of Langmulr constants were calculated
for the methane-water rich liquid-hydrate system and shown 1in
Figure 2.

Next, the assumption was made that the chemical potential
of the water in contact with the equilibrium hydrate could be
estimated from an ideal solution relationship. With the
assumption, the chemical potential of the lattice former can
be written as

L

M = (BT + RThw X (21)
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L ¥, .
where Vuw) is a function of pressure and temperature only
and Xw is the mole fraction of water in the water-rich liquid

phase,.

Then the chemical potential difference can be expressed

é/‘w

by :

]
>
T w

|

=

I

R Lo*
/“w - (M) - RT £n Xw
apMy, = RT A Xy (22)

[

That 1s, the chemical potential difference e/&; is a function
of pressure and temperature alone.

Combining Equations (7) and (22) gives:

AP = RT (Ve (14 G f) + Valn 14 Gaf) +hn X} (23)

The pressure and temperature effects on this chemical

potential then becomes:
d(gu7/RT) = — (aH/RT2)dT + (aV'/2T)dP (24)

where BH’ denotes the difference between molar heat functions
and AV’ the difference between the molar volumes of the /8
and L, modifications. The value of aV’ is 4.60. 1t is
doubtful that 4V will retain this constancy at higher pressure,
~ but it was assumed that the change of AV’is negligible, be-

cause of a lack of data on the effect of pressure.
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Integrating Equation (24) along the equilibrium curve
gives:

BU/RT = = [eH/RTH AT + ((av7RT)(aP/ATIAT  (25)

Anticipating that AFV takes the same form as the heat function
difference between water and ice, one can write
aH = = xe'T (26)
Substituting (26) into (25) and equating it with (23)
gives:

T2

T2
Vn (1 +Caf) + Wde (14 Ceafi) + l&an]:——- —-L)\'eKT/RTZO\T + J(AV'/IZT)(d%T)dT(27)

T
I
The solubility data of Culberson and McKetta for methane

in water was used to obtain the composition of water in the
liquid phase. The methane P-T projection of the data of Deaton
and Frost is linear between 32 and TOO I' when plotted in semi-

log scale and in this region can be expressed as:

o.|01047 T

dP/dT = 2.635 x107?e (28)

If this expression 1s substituted in Equation (27) then A

and ¥ can be determined. The values of A and ¥ determined
numerically were 16.7 and 0.016 respectively. It is noted
that the values were very close to those for the heat function
difference between ice and water of 17.1 and 0.0162, which
were calculated from the data of Bridgmanl. From this result

it was concluded that the difference in enthalpy between the

f3 -lattice and ice must be small.
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At constant temperature the pressure effect on the chemical

potential difference 4M becomes:

(a2 /0p) = aVv’ (29)

Integrating Equation (29) at constant temperature gives:

op = o)+ sV (PP (30
ir Q/{and P of methane are used for the reference values
éyU; and PO, then the chemical potential difference for argon
and nitrogen can be calculated.
op’ = apl + 1573 x107(P= Fu) (51)
Here the unit of chemical potential and pressure are cal/mol
and psia respectively.

Equations (23) and (30) should be equivalent.

Each set of molecular parameters for argon and nitrogen
was adJjusted at 280° K so that the chemical potential difference
calculated by Equation (23) might agree exactly with that
calculated from Equation (31). The resulting €pand T were
12 (%k), 2.99 (B) ror argon-water and 123 (%K), 3.027 (&)
for nitrogen-water. Using these values, Cxy of argon and
nitrogen were calculated and are shown in Figures 3 and 4,

As a test of the theory, Equation (31) was used to cal-
culate the remaining values of the chemical potential differ-
ences over the pressure range 1,400 to 50,000 psia for argon
and 5,000 to 50,000 psia for nitrogen. ''he values derived in

this way were compared with the right hand side of Equation (23).
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These are ghown in Table 1, 2, and 3 and in Figure 5. The
results of these calculations showed that the solid solution
theory may be applied to predict the hydrate-water rich liquid-
gas equilibrium loci when gas 1s a spherical molecule. Here
the solubilities of argon and nitrogen in water were extrapo-
lated or interpolated from the data of Seldel and Linklu,

and Krichevsky and Kasarnovskyg

At higher pressures nitrogen showed some deviation be-
tween Equations (23) and (31). This somewhat poorer agreement
between the two methods can be explained as follows; on apply-
ing the L-J-D potential to this theory, the assumptlion is made
that the gas molecules encaged in the hydrate are spherical.
This assumption applies equally well to argon and methane,
both essentially spherical molecules. However, nitrogen,
being non-spherical in shape, does not strictly conform to
this theoretical treatment.

Very near the quadruple point, both argon and nitrogen
showed slight deviation between Equations (23) and (31) but
the reason is not apparent to the authors.

The elimination of 4/” from Equations (23) and (31) for a
given temperature leads to the evaluation of a single pressure
for hydrate formation provided fugacity data on the gas are
available. A comparison between this calculated and experi-
mental hydrate formation pressure for nitrogen ic shown in

/
Figure 9. It is evident that a given deviation in the f/*
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leads to a correspondingly greater deviation in the calculated
and experimental pressure. However, since the Q// for the
argon hydrate obtained by Equations (23) and (31) are identical,
the calculated and experimental pressure will be the same.

The hydrate numbers n were calculated by the following

equation and are shown in Table 1, 2, and 3 and in Figure 6.

n= 23/{6'('7(«/(""%)(") + 3CK23[K/('+CK2)(K” (32)

At higher pressure it was shown that the hydrate numbers
approach the maximum hydrate number of 5 3/4.

The potential fields within argon hydrate cages were
determined by the Lennard-Johns-Devonshire methodlo and are
shown in Figure 7. 1In the large cavities, the minimum point

of potential energy is not situated in the center.

Estimation of GK and Ok for Methane, Argon, and Nitrogen

In the previous sections, the sets of molecular parameters
€ and T for methane, argon, and nitrogen were determined.
The following empirical combining laws which relate the force
constants between unlike molecules were used to calculate the

force constants for the pure solute K.

T = Va(o,+ 0x) (33)

€ (ew Ex )Vz (34)

Here if the value of @ = 1.25 R which corresponds to Pauling's
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van der Waals radius of 1.40 R for a covalently bound oxygen
atomlg, is adopted as the distance parameter of the wall of
the hydrate cage, O6x for the pure solute K can be estimated.
From the value of €, the energy parameter €x for pure solute K
also can be estimated. But €, is unknown and cannot be cal-
culated theoretically. So the value of €./ = 169° K was
estimated from Equation (34) by using a value of €x/g = 119.8° x
for argon obtained from second virial coefficient data. Using
this value, the energy parameters €x for methane and nitrogen
can be estimated.

The force constants obtained are compared in Table 4 with
the values8 of molecular parameters derived from viscosity and

virial data for those gases.

Determination of Heats of Formation of Methane, Argon, and

Nitrogen Hydrates

The heats of formation of hydrates are calculated by the
Clausius-Clapeyron equation:

AP/4T = aHY/T-av” (35)
which is a thermodynamic identity valid for. all univariant
equilibria, no matter how the compositions of the phases change
along the equilibrium line. The double primed quantities AHé
and aV”should be the differences of partial molal quantities,
but in this case it was assumed that 4H”and AV”approximate the

changes in heat function and total volume when one mole of
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hydrate is formed from n moles of pure water and one mole of
pure gaseous K.

The data points plotted as log P versus absolute tempera-
ture were fitted approximately along several straight lines
The lines may be represented by an equation of the florm:

fogP = A+ BT (36)

Equation (36) lends itself readily to the differentiation
required to solve -for the heat of formation of the hydrate.

The mathematical analysis followed in calculating iLhe

heats of formation above the quadruple point from the data
11

shown in a previous report is
aH” = TavV"dP/dT (37)
dP/aT = 2.303-B-P (38)
oH"=2.303B-T -P-av’ (39)

The slopes of equilibrium lines B were obtained from the
previous reportll and the volume of the gas under investigation
at T and P of inferest here was obtained from thermodynamical
tables of Din6’ & 17.

At higher pressure, the difference between the volume of
hydrates resulting from the hydrate-forming reaction and that
of the water combined with a mole of the gas is not negligibls
compared with the volume of one mole of the gases. This diff=sr-
ence was obtained by 7LAViassuming that at higher pressures

the volumes of hydrates and water are constant.
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The heat of formation of the hydrates may be calculated
from Equation (39) by using the values of B and 4V’ . The
values calculated are given in Table 5.

The heat of formation of the hydrates also may be cal-
culated numerically by the following equations assuming that

reaction gases are perfect.

AH = m-N 2V % (=e[-2(1+ 3,/3)0 "+ (1+ 8/9)%"))
+pavt 6.7 %7 (10)
where N is Avogadro's number and the functlons %, and 3w‘are

defined by
Vg
4= ( X P {ZEAT [~ LB + 2mEOLE T d ()

/4

The values calculated by Equation (40) are compared with those
obtained from Equation (39) in Table 5. The agreement between
two calculations are comparable but not exact owing to the

assumptions involved in Equation (40)

Prediction of P-T Projection of Nitrogen Hydrate Below The

@uadruple Point

At the quadruple point, the differences in the heats of
icn c¢f the hydrate from liquid water and from ice will

be equal to the heat of fusion of the number of moles of water
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combined in a mole of hydrate, as shown by the following:

n HyO (Lig.) + Gas = n HO - Gas (Hydrate) OH

1
n HyO (Ice) + Gas = n Hy0« Gas (Hydrate) 4H,

*

n HoO (Ice) AH

n HoO (Lig.)

*
AH]_ - AHE n: AH

- (43)

The heats of formation of hydrate can be calculated by
Equation (39) and the hydrate number also i1s known. Therefore,
the slope of equilibrium line below the quadruple point B2 can

be calculated by the following equation:

B, = 1/aV) (B &V - maH/2.303P-T) (L)
where AH* is the heat of fusion of water. B1 is the slope of
equilibrium line above the quadruple point,. AV& and Avg are
the changes in volume of the sum of the reacting substances
above and below the quadruple point, respectively. B _of

2
nitrogen hydrate was calculated and is compared with the

3

experimental points of Cleef and Diepen~ in Figure 8. Though
the calculated line showed the discontinuity at the quadruple
point, the experimental points below the quadruple point fall
on an extension of the equilibrium line above the quadruple
point.

It is felt that the experimental points reported in re-

ference 3 represent metastable equilibrium gas-hydrate-water

rather than the ftrue equilibrium state of gas-hydrate-ice.

03
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Conclusions

The statistical mechanics solid solution theory of
van der Waals and Platteeuw combined with classical thermo-
dynamical principles have been applied to study the conditions
for equilibrium for hydrate formation in the methane water,
argon-water, and nitrogen-water systems above the quadruple
point in excess of 3000 atmospheres. The heat function
difference between water and ﬁ?-modification has been deter-

5

mined by using the Data of Deaton and Frost” and it was found
that this function i1s very close to that between ice and water.
Then it was found that the chemical potential difference
between the empty hydrate lattice and the pure liquid water,
A/U'=/U'\: —(/“wb)* for argon and nitrogen hydrates calculated by
two methods; the chemical potential difference for methane and
the isothermal effect of pressure on the chemical potential
difference, Equation (31) and the solid solution theory, were
in close agreement. While the agreement between the chemical
potential difference calculated by the two methods were throuzh-
out the entire pressure range studied in the case of argon
hydrate, the nitrogen hydrates showed some deviation at the
highest pressure studied. The discrepance is believed to be

caused by the slightly non-spherical nature of the nitrogen

molecule.
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At higher pressure, it was shown that the hydrate numbers
approached the maximum hydrate number for Structure I hydrates
of 5 3/4.

Using the simple mixing rules given by Equations (33) and
(34) and Ow of 1.25 R 12 and €w/4 = 169° K the Lennard-Jones-
Devonshire force constants for methane, argon, and nitrogen have
been determined and found to be in essentlal agreement with the
force constants predicted from second virial and viscosity data,
again pointing to the essential validity of the theory.

The heat of formation for the hydrates calculated from
the Clausius-Clapeyron Equation was found to be in essential
agreement with the values: predicted by=* the  solid - solution
model.

The calculated heat of formation for the nitrogen hydrate
and its hydrate number on the 1lce point for the nitrogen-water
system has been used as a basis for predicting the gas-ice-
hydrate locus below the quadruple point and as a basis for the
criticism of reported experimental data points for the same2

The solid solution theory together with classical thermo-
dynamics principles has provided a means of studying the re-
quired conditions for hydrate formation above the quadruple
point for essentially spherical molecules. It will later be

shown that the calculation procedures can be extended to systems
comprised of mixtures of essentially spherical molecules and

water in the hydrate region above the quadruple point.
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NOMENCLATURE

cell radius

constant
Langmuir
fugacity
function
function

function

in Equation (34)

constant

of solute K in the hydrate

defined by Equation
defined by Equation

defined by Equation

molecular partition function

molar enthalpy difference

Boltzmann constant

hydrate number

pressure

radial position

gas constant

temperature

molar volume difference

lattice former (water)

mole fraction of water in the water-rich

liquid phase

(r‘/ai.)2

fraction of cavities of type 1 occupiled by a

gas molecule K

structural constant

(10)
(39)
(4o)



Greek Letter

oA

¥
¢, 6

3
(ac/8) /E
constants in Equation (26)

energy and distance parameters in the Lennard-
Jones-Devonshire potential

number of cavities of the type 1 per mole of
water

chemical potential

molecular partition function of a solute
molecule K with the volume factor removed

Lennard-Jones-Devonshire potential
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Table 2

Chemical Potential and Hydrate  Number of -
Argon Hydrate at Various Pressures

P T f C C A 9ﬁx

(psi) (atm) (OK) (atm) (1/atm) (1/atm)  (cal) (cal)

1) 1402 95.4 273.1 88.0 0.06423 0.07344 186.9 185.1

2) 1500 102.0 2T74.1 94.0 0.06225 0.07150 190.7 188.8

3) 2000 136.1 277.5 122.5 0.05750 0.,06640 208.9 206.9

4)y 3000 204.1 281.4 180.0 0.05222 0.06105 237.9 235.7

5)  L4ooO  271.1 283.7 237.5 0.04945 0.05810 260.2 257.9

6) 5000 340.1 285.5 298.0 0.04735 0.05595 279.3 276.9

7) 6000  408.2 287.0 361 0.04568 0.05420 295.7 293.3

8) 7000 476.2 288.3 435 0.04435 0.05280 312.2 309.7

9) 8000 544.2 289.4 508 0.04330 0.05165 325.5 322.9

10) 9000 612.2 290.4 585 0.04230 0.05061 338.8 336.2
11) 10000 690.3 291.2 689 0.04150 0.04980 354.0 351.3
12) 20500 1394.5 297.0 2275 0.03655 0.04445 L469.7 L466.8
13) 30000 2040.8 300.0 5600 0.03426 0.04193 561.0 557.9
14) 50000 3401.3 303.9 30000 0.03160 0.3900 736.2 733.0
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Table 4

Comparison of8Molecular Parameters from Virial,
Viscosity™~, and Hydrate Data (this work)

Substance Method €/x o
Methane Viscosity 137 3.822
Viscosity 144 3.796
Virial 148.2 3.817

Hydrate 148.6 3.66
Argon Viscosity 124 3.418
Viscosity 116 3.465
Virial 119.8 3,405

Virial 122 3.40

Hydrate 119.8 3.48
Nitrogen Viscosity 91.5 3.681
Viscosity 79.8 3.749
Virial 95.0 3.698

Virial 95.9 3.71

Hydrate 89.5 3.55

* Taken from reference 8



Comparison of Heats of Formation of Hydrates from

Table 5

Clausius-Clapeyron Equation and from Solid Solution Theory

Press.
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B.T.U./1b mol

Eq.(37)
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Eq.(38)

19800
21900
21000
21200
21100

Nitrogen

B.T.U./1b mol

Eq.(37)

Eq.(38)
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